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superconducting state has been observed under high pressure in WTe2
30,31 and in ambient pressure in MoTe2

32. 
The interplay between the type-II semimetal phase and superconductivity could give rise to many unconven-
tional features. In this letter, we not only observed the highest Hc2/Hp (10) in TMD materials, but also discovered 
two unique unconventional features in superconducting WTe2 thin films — the magnetic-field-enhancement of 
superconductivity and non-monotonic Hc2 as a function of temperature.

To study the ground state superconducting pairing requires the growth of thin films. The film thickness 
provides a geometrical constraint that is smaller in our thin-film samples than the bulk coherence length. This 
removes the orbital effects of an in-plane magnetic field that would otherwise suppress the superconductivity 
in the bulk, thereby realizing the novel conditions for Ising superconductivity. This has been demonstrated by 
the observation of 2D Ising superconductivity in mechanically exfoliated NbSe2 and MoS2

6,15–19, showing high 
Hc2/Hp. However, TMD monolayered devices are realized by pioneering work in thinning layered TMD materials 
into single atomic layers using mechanical exfoliation7, chemical vapor deposition33, and epitaxial growth34–37. 
The mechanical exfoliated WTe2 or MoTe2 devices are generally micron sized and their electronic mobility in the 
monolayer limit is generally too low to host an interesting ground state. In our paper, we report the first Molecular 
Beam Epitaxy (MBE) growth of thin WTe2 films.

Results
Thin films of WTe2 with a thickness of 5.5, 7, 10 and 14 nm were grown on c-Al 2O3 (0001) substrate using a Veeco 
Genxplor MBE growth system (see the supplement).The scanning probe microscopy (SPM) image of the WTe2 
film exhibits smooth and continuous surface morphology. The surface roughness is estimated to be ∼0.22 nm, 
without the presence of any sharp edges, wrinkles, or discontinuities. The stoichiometric analysis was performed 
by high-resolution X-ray photoelectron spectroscopy immediately after growth. The shape and position of the 
core-level W-4d and Te-3d peaks are consistent with previous studies of WTe2 crystal structures35,38. The presence 
of W and Te oxidation peaks were not observed, confirming the high purity of epitaxial WTe2 thin films. The 
ratio of W and Te was measured to be 1:1.93, suggesting the formation of nearly stoichiometric WTe2. They were 
uniformly formed on a sapphire substrate with precise thickness control. We observed two-dimensional super-
conductivity in the ground state and a Berezinskii-Kosterlitz-Thouless (BKT) transition (see the supplement).

The resistivity data of 5.5 nm WT 2 films at around the critical temperature is shown in Fig. 1. Specifically, Fig. 1(a) and (b)  
give the resistivity data from sample 1 as a function of temperature at the fixed magnetic field around critical 
temperature. The Tc clearly increases with magnetic field up to 2 T (Fig. 1(a)), then starts to decrease with higher 
field (Fig. 1(b)). The Tc enhancement is about 10 mK at 2 T. Even larger magnetic-field-enhancement of Tc was 
observed in other samples, as shown in Fig. 1(e) for Sample 2, corresponding to 1.6% enhancement. The large neg-
ative magnetoresistance around Tc is connected to the observed enhancement of Tc as shown in Fig. 1(c) and (d).  
Thicker samples also show similar negative magnetoresistance at around Tc (see supplement). Figure 1(e) shows 
a phase diagram of Hc2 versus T/Tc for two 5.5 nm WTe 2 thin film samples around T = Tc with the magnetic field 

Figure 1.  Field-induced enhancement of Tc at low in-plane field and high temperature. (a,b) The temperature 
dependence of the 5.5 nm WTe2 Sample 1 (Tc 0.71 K) film sheet resistance, ρ, at fixed fields. The black arrow 
marks the direction of the increase of in-plane magnetic fields. In Panel a, the superconducting transition 
shifts to higher T as the in-plane field increases to 2 T, whereas at higher field, the transition shifts to lower T. 
Combining panel a and b shows the transition temperature Tc gets enhanced at the finite in-plane magnetic 
field. (c) The magnetic field H dependence of 5.5 nm WTe2 film Sample 1. At around Tc, this sample shows 
strong negative magnetoresistance. (d) Similar negative magnetic field H dependence of R is observed in 5.5 nm 
WTe2 film Sample 2 (Tc 0.64 K). (e) The temperature dependence of in-plane upper critical field for 5.5 nm WTe2 
thin film around T = Tc. Field-induced enhancement of Tc shows a maximum of 0.8% in sample 1 (Hp = 1.31 T) 
and 1.6% in sample 2 (Hp = 1.21 T).
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applied in-plane. For sample 1, the Hc2/Hp vs T/Tc clearly shows the enhancement of Tc with increasing magnetic 
field. Sample 2 shows a larger enhancement of 1.6% at 3 T. The difference of enhancement between samples may 
originate from the thickness difference due to the 10% error of our thickness measurement. As shown later, Tc of 
sample 2 (0.64 K) is lower than that of sample 1 (∼0.71 K), indicating slightly thinner film thickness.

For comparison, Hc2 is normalized by Pauli limit Hp. In a BCS superconductor, the Pauli paramagnetic limit 
(Hp) is the magnetic field value where the paramagnetic Zeeman energy is the same as the superconducting con-
densation energy. This limit generally is the upper bound for the in-plane Hc2 because there are no orbital degrees 
of freedom in a two-dimensional system, so only the spins should determine the superconducting property39,40. 
In the weakly coupled limit, the BCS superconductor condensation energy is 3.52kBTc. Thus in units of tesla 
μ0Hp = 1.84 * Tc where Tc has units of Kelvin1. Moreover, in the high field normal state R becomes almost constant 
within the measurement noise limit (see also supplement). Thus, we define the upper critical field Hc2 as 50% of 
the constant resistivity value at high fields).

Note that the smaller resistivity at finite fields is not due to the negative magnetoresistance from the normal 
state, but rather the enhancement of superconductivity. First, since the magnetic field is applied in-plane, there 
should be no traditional magnetoresistance effect. The next possibility is the chiral anomaly effect. However, this 
behavior was observed even when the current direction was perpendicular to the magnetic field, excluding the 
possibility of a chiral anomaly. This excludes the possibility of the current jetting as well, since it has the similar 
angular dependence to the chiral anomaly41. Furthermore, at a temperature slightly above Tc, negative magnetore-
sistance is no longer observed. Instead, there is small positive magnetoresistance (∼1%) at low fields that becomes 
almost constant at high fields. Thus, the negative magnetoresistance should be understood as the enhancement of 
superconductivity by the magnetic field.

Another unconventional feature is a non-monotonic behavior of Hc2 vs T in the zero temperature limit. 
Figure 2 shows detailed data of the resistivity as a function of in-plane magnetic field and temperature at high 
fields. In Fig. 2(a), the Hc2 from sample 1 at 96 mK and 160 mK is 0.29 T higher than that at 40 mK, then drops by 
0.8 T at 300 mK. This non-monotonic behavior is more clear in sample 2. In Fig. 2(b), from 20 mK to 90 mK Hc2 
monotonically increases with temperature and reaches a maximum at 90 mK with Hc2 0.11 T higher than at base 
temperature. Above 90 mK, Hc2 decreases monotonically with temperature, as shown in Fig. 2(c).

The non-monotonic behavior of Hc2 vs T could be clearly seen in resistivity vs temperature plot at fixed fields 
from sample 2 shown in Fig. 2(d). At low field such as H = 13.5 T, the R − T curve shows a typically superconduct-
ing transition from a zero-resistance state at T = 0 to a finite normal state resistance at T Tc. As H increases, how-
ever, an unconventional feature appears. As shown for the 13.7 T curve, the sample is resistive at T = 0, becomes 

Figure 2.  Field-induced enhancement of Tc at high in-plane field and low temperature. (a,b) Sheet resistance of 
the 5.5 nm thick WTe2 film (Sample 2). The black arrow marks the direction of increasing temperature. Similar 
non-monotonic behavior is confirmed in Sample 2. (c) Sheet resistance of the 5.5 nm thick WTe2 film (Sample 
1) with H parallel to the film ab-plane. As shown by the black arrow marking the direction of increasing 
temperature, the upper critical field Hc2 increases first and decreases at warmer T, which indicates the non-
monotonic temperature T dependence of Hc2. (d) At finite in-plane fields close and below Hc2, the R vs. T of 
WTe2 Sample 2 shows a non-monotonic behavior, indicating the re-entrance of the superconducting state from 
0.1 < T < 0.2 K in the H = 13.7 T trace. The dashed line shows the half value of the normal state resistance. As 
explained in the Method part, this value is used to determine Hc2 at fixed T, or Tc at fixed H. (e) The temperature 
dependence of in-plane upper critical field for 5.5 nm WTe2 thin film around zero temperature. Both of samples 
show a drop of Hc2 (2% for sample 1, 0.8% for sample 2) as T goes to zero.
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non-resistive as T goes close to 100 mK, and eventually comes back to the resistive normal state at T Tc. This 
behavior demonstrates a re-entrance of the superconducting state at finite T under an in-plane magnetic field.

The evolution of this re-entrance behavior leads to the non-monotonic T dependence of Hc2. At 14.3 T the 
curve crosses the 50% of resistivity in the normal state, indicating the non-monotonic T dependence of Hc2.

Figure 2(e) summarizes this unconventional behavior as Hc2 of both samples flattens out as the temper-
ature approaches zero then drops slightly at around 0 K. For sample 1, Hc2/Hp enhancement reaches a maxi-
mum of 2% at 96 mK. For sample 2, Hc2/Hp is 0.8% higher at 90 mK than at the base temperature (20 mK). This 
non-monotonic behavior indicates that the enhancement of Hc2 is due to the temperature. This is the first time 
that field-induced enhancement of superconductivity has been observed at both zero temperature and Tc0.

We point out that the non-monotonic behavior of Hc2 vs Tc is intrinsic and does not originate from an arti-
ficial effect. First, during the measurement the samples are immersed in the He3/He4 superfluid mixture in a 
dilution refrigerator. This eliminates the possibility of an error arising from a temperature inhomogeneity across 
the samples. Second, since the in-plane Hc2 from the thin film would be very sensitive to a field misalignment, it 
is necessary to adjust the angle carefully before each field sweep. Even the thermal expansion of the system could 
change the angle enough to affect the measurement. Thus, during the measurement at low temperature, field 
orientation is aligned within 0.05 degrees to the film plane at each temperature to eliminate the possibility of an 
angle misalignment. For each curve, the magnetic field was swept up and down to confirm that there is no angle 
misalignment induced during the measurement. Also, we confirmed that the magnetoresistance curves from 
field up-sweep and down-sweep overlap each other at each temperature. This indicates that there is no significant 
instability over time during the data acquisition. Furthermore, at high temperature, a field-calibrated thermom-
eter was used to ensure that the non-monotonic behavior was not simply an artifact of the thermometer’s mag-
netoresistance. Thus, we conclude that the non-monotonic behavior is intrinsic.

Finally, the thickness dependence of critical field and critical temperature is measured for thicker sam-
ples. The T dependence of Hc2(T) (normalized by the paramagnetic limit Hp) with H||ab direction for 5.5, 7, 
10 and 14 nm samples is plotted in Fig. 3(a). As seen in the phase diagram, for 5.5 nm and 7 nm samples Hc2 is 
more than ten times larger than the Pauli limit which is greater than any other material except for triplet and 
non-centrosymmetric superconductors. For the 7 nm sample, in-plane Hc2/Hp is higher than eleven, similar to 
5.5 nm sample. However, the 10 nm and 14 nm samples show much smaller Hc2/Hp, though they still exceed Pauli 

Figure 3.  Thickness dependence of upper critical field and critical temperature. (a) Temperature dependence of 
critical field Hc ab2  and Hc c2  for 5.5, 7, 10 and 14 nm samples. The Tc values are normalized by the zero field 
transition temperature Tc0. The Hc2 values are normalized by the paramagnetic Pauli limit μ0Hp = 1.84Tc0. (b) 
The thickness dependence of the superconducting transition temperature (top) and the in-plane upper critical 
field Hc ab2  (red circle) as well as the Pauli limit Hp (black circle) (bottom) at base temperature T = 20 mK. The 
solid lines are drawn for guidance to eye.
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